PURIFICATION AND CHARACTERIZATION OF CLASS XI MYOSIN FROM THE PLANT MODEL ORGANISM PHYSCOMITRELLA PATENS by Agrawal, Supriya Apurva
Worcester Polytechnic Institute
Digital WPI
Major Qualifying Projects (All Years) Major Qualifying Projects
August 2011
PURIFICATION AND
CHARACTERIZATION OF CLASS XI
MYOSIN FROM THE PLANT MODEL
ORGANISM PHYSCOMITRELLA PATENS
Supriya Apurva Agrawal
Worcester Polytechnic Institute
Follow this and additional works at: https://digitalcommons.wpi.edu/mqp-all
This Unrestricted is brought to you for free and open access by the Major Qualifying Projects at Digital WPI. It has been accepted for inclusion in
Major Qualifying Projects (All Years) by an authorized administrator of Digital WPI. For more information, please contact digitalwpi@wpi.edu.
Repository Citation
Agrawal, S. A. (2011). PURIFICATION AND CHARACTERIZATION OF CLASS XI MYOSIN FROM THE PLANT MODEL
ORGANISM PHYSCOMITRELLA PATENS. Retrieved from https://digitalcommons.wpi.edu/mqp-all/1403
PURIFICATION AND CHARACTERIZATION OF CLASS XI 
MYOSIN FROM THE PLANT MODEL ORGANISM  
PHYSCOMITRELLA PATENS 
A Major Qualifying Project Report 
submitted to the Faculty 
Of the 
WORCESTER POLYTECHNIC INSTITUTE 
In partial fulfillment of the requirements for the 
Degree of Bachelor of Science 
In Biochemistry 
By 
Supriya Agrawal 
 
___________________________________ 
Date: August 23, 2011 
Approved: 
 
____________________ 
Professor Luis Vidali, MQP Advisor 
i 
 
Abstract 
Myosins, a superfamily of actin dependent molecular motors, perform essential functions in all 
eukaryotes. Full length functional plant myosins have been difficult to isolate due to their sus-
ceptibility to proteases. Using Western blots for detection, the degradation of 3xmEGFP-tagged 
myosin XI was compared for different methods of extraction from the moss Physcomitrella pat-
ens. Motility assays showed the functionality of moss myosin enriched by an actin based affinity 
column. This work begins the development of an effective and reproducible purification protocol 
for a moss class XI myosin. Analysis of quantitative assays and biochemical studies of purified 
myosin will allow the characterization of the physiological roles underlying the evolution and 
function of this essential protein. 
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1 | Introduction 
 In order to understand a protein’s functions and its structural relations within a cell, its 
biochemical parameters need to be accurately observed and measured. Biochemical parameters 
of any protein are measured by performing in vitro studies in which samples of the purified pro-
tein are allowed to react with the other proteins and/or ligands it is known or expected to interact 
within the cell. It has recently been shown that Physcomitrella patens class XI myosins are im-
plicated in tip growth. To gain more insights in the mechanism of action of these proteins, ex-
traction and purification of full-length, functional myosins from Physcomitrella patens will be 
necessary. 
Several biochemical protocols were used during this project in pursuit of the extraction 
and enrichment of a triple mEGFP tagged version of the Physcomitrella patens myosin XIa. 
Western blots were used as a tool to follow the purification processes of the tagged protein. After 
blotting with a rabbit derived-antibody against mEGFP, membranes were inspected for bands at 
the expected size of the full length tagged protein, 260 kDa. Sample preparation and extraction 
were attempted in several ways, including grinding and boiling of tissue, protoplasts and mini-
protoplasts in different buffers. Chicken skeletal muscle actin affinity-based methods, such as 
pelleting through centrifugation and binding to columns, were used to enrich the myosin and mo-
tility assays were performed to assure its functionality. 
At the closure of this project, I was able to extract and detect a tagged version of myosin 
XIa from Physcomitrella patens tissues, and motility assays demonstrated that the protein was 
functional. This project has provided insights into the challenges of extracting this protein from 
plants and the ways in which the resulting purification protocol can be made most successful. 
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2 | Background 
2.1 | Myosin, an actin-based molecular motor 
Myosins belong to a superfamily of molecular motors, believed to be expressed in all eu-
karyotic cells. They are actin dependent ATPase molecular motors; they use ATP hydrolysis to 
move along actin filaments or generate tension. In general, motor molecules are highly con-
served proteins, meaning they evolve very slowly over time, and the catalytic domain is highly 
conserved among all the myosin classes such that often times the myosin from one species will 
bind to actin from a species in another kingdom (Bezanilla et al., 2003a). Thus far, the mecha-
nism underlying the coupled actomyosin ATPase cycle appears to be conserved for all myosin 
isoforms (De La Cruz and Ostap, 2004). 
The myosin superfamily is divided into at least 18 different classes, predominantly on the 
basis of the primary structure of the heavy chain gene (Foth et al., 2006; Yokota et al., 2009). 
Each class has diverse properties adapted to fulfill different cellular functions. For example, 
muscle contraction, cytokinesis, cell and organelle movement, membrane trafficking, and signal 
transduction are all cellular functions that myosins have been found to mediate in different spe-
cies (Mermall et al., 1998).  
Myosin molecules are composed of three domains: the N-terminal actin-binding catalyt-
ic/head domain containing the motor region, a neck domain which is specific across each class 
and a C-terminal domain with the globular tail region responsible for a variety of functions and 
in which primary structures and sizes are diverse within each class of myosin (Bezanilla et al., 
2003a; Yokota et al., 2009). 
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The best known specialized function of any myosin is muscle contraction, which is medi-
ated by cyclic interactions of actin and class II myosin (Harada et al., 1990). This is due to the 
property of class II myosins to assemble into large protein complexes; however, most members 
of other classes function as dimers in transporting organelles and other cargo (De La Cruz and 
Ostap, 2004). 
Despite the conservation of the underlying actomyosin ATPase cycle mechanism be-
tween classes, small changes exist in the head and ATPase regions that cause differences in the 
kinetics of the actomyosin cycle. These differences have been extensively characterized in class 
II and V myosins (De La Cruz and Ostap, 2004). The actomyosin cycle coupled to the ATPase 
cycle is divided in two distinct stages. The first stage is the transit state or weak binding state and 
the second is the power or working stroke state (De La Cruz and Ostap, 2004).  
Several parameters are used to evaluate and compare the kinetics of the individual 
isoforms. One such parameter is the fraction of time of the ATPase cycle that the motor spends 
attached to the actin, which is defined as the duty ratio. Another is the processivity of a myosin 
isoform, which is defined as the average number of ATPase cycles before a myosin dissociates 
from the actin track (Tominaga et al., 2003). Both the duty ratio and attachment lifetimes reflect 
enzymatic adaptations required for specific biological functions (De La Cruz and Ostap, 2004). 
For example, these parameters are optimized in myosin V for rapid transport of organelles, while 
they are adapted in myosin II for slow transport in actin meshworks or for tension maintenance. 
2.1.1 | Plant myosins 
 Among the myosin superfamily, Class I, Class II and Class V have been the most thor-
oughly studied at this time. All these classes have members in animals, fungi, and single celled 
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eukaryotes; however, in plants, only relatives to the class V are represented (Figure 1) (Bezanilla 
et al., 2003a). Class V myosin functions have been well characterized in yeast and mammals, 
where they transport vesicles along actin filament tracks over long distances as two-headed di-
mers. 
Relatively little is known about the functions of class V related-myosins in plants. They 
were originally separated into 3 classes, VIII, XI, and XIII (Foth et al., 2006; Kinkema and 
Figure 1: Relevant branches of an unrooted phylogenetic tree of the myosin superfamily 
This figure shows an inset of “An Unrooted Phylogenetic Tree of the Myosin Superfamily” by Tony Hodge, MRC-
LMB, and Jamie Cope, UC Berkeley, July 2000, slightly modified to show the estimated position (shown by the 
orange line) of Physcomitrella patens’ myosin XIa.  
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Schiefelbein, 1994; Knight and Kendrick-Jones, 1993; Vugrek et al., 2003), but class XIII was 
recently shown to be a subset of class XI (Peremyslov et al., 2011).  The function of class VIII 
myosins is not well understood. Several studies indicate they may participate in the regulation of 
plasmodesmata, cell-to-cell bridges present in all plant cells important for transport of proteins, 
RNA, and viruses between cells (Avisar et al., 2008; Golomb et al., 2008; Reichelt et al., 1999). 
2.1.2 | Class XI myosins  
Myosin XI isoforms were first identified in Arabidopsis thaliana and initially grouped 
with class V myosins (Kinkema and Schiefelbein, 1994; Kinkema et al., 1994) due to the many 
similarities between the two classes. Their tail domains are similar in length and both have six 
light-chain binding IQ motifs per heavy chain which are located in the neck domain. Both classes 
exist and work as dimers, formed via the coiled-coil region found that links the neck to the tail 
domain (Figure 2) (Bezanilla et al., 2003a; Kashiyama et al., 2000; Kinkema and Schiefelbein, 
1994; Morimatsu et al., 2000; Yamamoto et al., 1999). Due to the large sizes of myosin XI genes 
as well as the complexity of their mRNA alternative splicing patterns, those myosin gene models 
available as recently as 2007 are not considered entirely reliable (Ojangu et al., 2007).  
Class XI myosins have been implicated in organelle transport, filamentous actin organi-
zation, cell dynamics and plant growth (Hashimoto et al., 2005; Li and Nebenführ, 2007; 
Peremyslov et al., 2011; Peremyslov et al., 2010; Reisen and Hanson, 2007; Wang and Pesacreta, 
2004). Some preliminary reports have indicated that some myosin XIs step processively along 
actin helical repeats like myosin V (Mehta, 2001), but with a velocity that is ten times faster, re-
sembling non-processive myosin IIs (Anson, 1992). This has led some to declare that myosin XIs 
are the fastest known processive motors (Shimmen and Yokota, 1994; Tominaga et al., 2003). So 
far, the enzymatic activity and motility of only a few plant class XI myosin proteins have been 
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well characterized by studies using native protein fractions. These include the  170 kDa myosin 
from germinating lily pollen (Yokota and Shimmen, 1994) and the 175 kDa myosin from tobac-
co suspension-cultured BY-2 cell (Tominaga et al., 2003; Yokota et al., 1999). While the 175 
kDa myosin from tobacco has been found to move processively at a relatively high velocity 
(Tominaga et al., 2003), myosins in Chara corallina intermodal cells have been shown to move 
non-processively at five times that velocity along with a five times greater maximum ATPase 
activity (Awata et al., 2001; Higashi-Fujime et al., 1995; Ito et al., 2003; Yamamoto et al., 1994).  
Figure 2: 3D structure of myosin class XI 
This schematic shows the 3-dimensional structure of a myosin XI dimer and was adapted from the June 
2001 Molecule of the Month by David Goodsell, doi: 10.2210/rcsb_pdb/mom_2001_6, and can be found at: 
http://www.rcsb.org/pdb/101/motm.do?momID=18 
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2.1.3 | Functions of class XI myosins in higher plants 
It has been found that flowering plants generally possess large families of myosin genes 
(Peremyslov et al., 2011). The seed plant model organism Arabidopsis thaliana expresses 13 
class XI and four class VIIII myosins (Hashimoto et al., 2005; Peremyslov et al., 2008; Yokota et 
al., 2009). Single gene knockout mutants made individually for each of the class XI myosins pre-
sent in Arabidopsis genome were used to systematically screen each isoforms’ potential func-
tions (Peremyslov et al., 2008). Root hair development became of special interest due to the fact 
that their rapid elongation makes root hairs a sensitive indicator of defects in polarized cell 
growth. In this first characterization, the inactivation of any one of 11 out of the 13 myosin XI 
genes resulted in no discernible phenotypes under normal growth conditions (Peremyslov et al., 
2011; Peremyslov et al., 2008). Closer examination revealed that two single knockouts, those of 
XI-2 and XI-K, resulted in reduced root hair growth (Ojangu et al., 2007; Peremyslov et al., 
2008). The redundancy of function of the many isoforms prompted investigators to analyze mul-
tiple knockout mutants to unravel the biological significances of the entire set of Arabidopsis 
myosin XIs (Peremyslov et al., 2010). This approach demonstrated that myosins XIs are required 
for plant growth and flowering, leaf cell expansion, Golgi stacks and peroxisome trafficking and 
endoplasmic reticulum organization in Arabidopsis  (Peremyslov et al., 2010). The implication in 
organelle transport was observed by several groups (Hashimoto et al., 2005; Li and Nebenführ, 
2007; Reisen and Hanson, 2007). Other studies also showed that myosin XIs are implicated in 
endoplasmic reticulum (ER) streaming (Ueda et al., 2010), remodeling (Sparkes et al., 2009) and 
in plastid dynamics (Natesan et al., 2009; Sattarzadeh et al., 2009).  
In other vascular plants, some of the class XI myosins were also found in association with 
different organelles suggesting their involvement in organelle transport. For instance, an isoform 
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of myosin XI has been involved in the translocation of endoplasmic reticulum in tobacco cul-
tured-BY2 cells (Yokota et al., 2009). It has also been suggested that a subclass of myosin XI in 
maize is co-localized with mitochondria and plastids and is responsible for their translocation 
(Wang and Pesacreta, 2004). Another study demonstrated that an Arabidopsis homolog of myo-
sin XI-B in rice (Oryza sativa) is implicated in pollen development (Jiang et al., 2007).  
2.1.4 | Functions of class XI myosins in Physcomitrella patens 
Physcomitrella patens genome contains only two isoforms of class XI myosins which 
greatly facilitates the functional study of this protein. Using an RNAi (RNA interference) ap-
proach to specifically silence both genes, it was recently shown that myosins XIs are functionally 
redundant and are essential for tip growth of moss protonemal cells (Vidali et al., 2010). These 
findings echo the findings in Arabidopsis of the importance of myosin XI in the growth of root 
hairs, anatomical features of the flowering plant that resemble the dominant cell types of 
Physcomitrella. However, it was also noted in the study that the moss myosin XI did not localize 
to organelles and there is no cytoplasmic streaming in the protonemal cells that parallels that 
found in vascular plants.  
To further study the role of myosin XI in Physcomitrella patens, cell lines expressing a 
N-terminus or C-terminus triple monomeric Enhanced Green Fluorescent Protein (mEGFP) 
tagged version of Myosin XIa, the more expressed isoform, were constructed and shown to be 
fully functional. Both cell lines accumulate the tagged proteins at the tip of the apical domain 
(Vidali et al., 2010) (Furt et al. unpublished observations). These cell lines, along with control 
lines were used in this project as a starting material for extraction and enrichment of moss myo-
sins. 
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2.2 | Physcomitrella patens, a plant model organism 
The moss Physcomitrella patens 
(Figure 3) is a well-accepted plant model 
organism that presents numerous ad-
vantages. Mosses are good organisms to 
study the evolution of plant biological pro-
cesses due to their evolutionary position 
between the green algae and the flowering 
plants (Schaefer and Zrÿd, 2001). Despite 
its simplicity, Physcomitrella patens shows 
similar responses to plant growth factors 
and environmental stimuli as those seen in 
other land plants (Schaefer and Zrÿd, 2001). 
Physcomitrella patens is a particularly 
powerful molecular tool for genetics studies (Table 1) due to the dominance of its haploid game-
tophyte phase (Cove, 2005; Schaefer and Zrÿd, 2001) as it allows for evaluation of recessive 
phenotypes without extensive genetic setup and the complications of test crosses.  
Physcomitrella patens was the first moss to be successfully transformed (Schaefer et al., 
1991) and later displayed very close genetic linkages of resistance transgenes from sequential 
transformations, demonstrating the very frequent occurrence of homologous recombination be-
tween foreign DNA containing corresponding genomic sequences in the species (Cove, 2005; 
Schaefer and Zrÿd, 2001). Physcomitrella patens is the first multicellular eukaryote to be found 
in which gene targeting, the ultimate method for studying gene function because it allows direct 
Figure 3: Physcomitrella patens 
A colony of the Gransden strain of P. patens, grown on 
PpNH4 medium, in Professor Luis Vidali’s lab at Worcester 
Polytechnic Institute in 2011. 
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creation of genetic deletions and point mutations, occurs with an efficiency approaching that of 
the yeast Saccharomyces cerevisiae (Schaefer and Zrÿd, 1997; Schaefer and Zrÿd, 2001). RNAi 
provides yet another avenue by which to identify and study loss-of-function phenotypes 
(Bezanilla et al., 2005). Finally, its genome has been fully sequenced facilitating loss-of-function 
studies for particular genes of interest (Rensing et al., 2008). 
+, Feasible in the natural chromosomal environment of the studied gene; -, not feasible 
in the natural chromosomal environment of the studied gene; +/-, feasible at ectopic lo-
cations or with low efficiencies. 
Physcomitrella patens versus Arabidopsis thaliana Pp At 
Genome structure   
Genome size 480 MbA 120 Mb 
Chromosome number 27 5 
Available sequence information CompleteB Complete 
Transgenetic functional genomic tools   
Knocking out genes + +/- 
Fine functional analysis by point mutation + - 
Altering gene expression pattern by promoter replacement + - 
Generating a non random collection of allelic mutants + - 
Improving plant gene products by protein design + +/- 
Functional studies of non coding chromosomal sequences + - 
 
Table 1: Comparison of genome structure and availability to functional genomic approaches in Arabidopsis 
thaliana (At) and Physcomitrella patens (Pp) 
Table adapted from (Schaefer and Zrÿd, 2001). A) When the paper was originally published, the reported number 
was 460 MB. Update from http://www.phytozome.org/physcomitrella.php. B) When the paper was originally pub-
lished, the available sequence information was only 1%. The sequence was completed in 2006 according to 
http://www.jgi.doe.gov/. 
 
Physcomitrella patens is an easy species to work with as it does not require extensive 
maintenance, expensive materials nor large amounts of laboratory space (Schaefer and Zrÿd, 
2001). Because of its photosynthetic properties, the agar containing-medium used to culture P. 
patens requires no sugar or other organic compounds (Cove, 2005). Nitrate can be used as the 
nitrogen source, but for increased growth rates, ammonium can be included as well (Cove, 
2005). The simple growth conditions required for the completion of this moss’s life cycle is cou-
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pled with its high capacity for regeneration, providing a more than abundant supply of cells for 
biochemistry studies (Cove, 2005; Schaefer and Zrÿd, 2001). 
2.3 | Techniques in use for molecular motor studies 
2.3.1 | Affinity column-based purification methods 
 Microtubule based affinity columns have been successfully used to extract microtubule-
associated proteins, even when the microtubule species do not match those of the proteins being 
targeted (Barnes et al., 1992). Actin microfilaments can be used in a similar way to extract and 
purify actin-binding proteins such as myosins (Yokota and Shimmen, 1994). The conservation of 
actin and myosin throughout evolution makes it possible for actin from another species to bind 
plant myosin (Igarashi et al., 1999). In this project, purified actin from chicken muscle was used 
as “bait” to extract myosin XI from moss tissues. 
2.3.2 | In vitro motility assay 
The in vitro motility assay, pioneered by Kron and Spudich (Kron and Spudich, 1986; 
Spudich et al., 1985) has been designed to observe single actin filaments sliding on myosin mol-
ecules bound to the surface of a glass coverslip. This assay has proved to be very useful for stud-
ying the relationship between the structure and function of diverse myosin molecules. The tech-
nique was further refined both by Kron and Spudich themselves (Kron et al., 1991) as well as the 
team working under Toshio Yanagida, the first person to visualize actin filaments by light micro-
scope (Yanagida et al., 1984). After Dancker discovered in 1975 that phalloidin, a toxin isolated 
from Amanita phalloides, has the property to bind and stabilize actin filaments (Dancker et al., 
1975), Yanagida in 1984 used this compound to “image” single actin filaments. The benefits of 
using fluorescent phalloidin include its binding specificity to actin, its stability on the ac-
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tin/phalloidin complex, and its lack of effect on the interactions of actin with many regulatory 
proteins and myosin. 
In addition, this in vitro movement assay is a simple system (Figure 4) that has been used 
to measure sliding movement and ATPase activity simultaneously (Harada et al., 1990). In 1990, 
Yanagida updated this in vitro movement assay protocol and demonstrated that the coupling be-
tween the ATPase and attachment-detachment cycles is not determined rigidly in a 1:1 fashion 
(Harada et al., 1990). 
Though the original proteins used for these assays (G-actin and myosin) came originally 
from rabbit back muscle (Spudich and Watt, 1971; Yanagida and Oosawa, 1978), this assay can 
be used with proteins isolated from any species. In this project, phalloidin-labeled actin filaments 
were used to test the functionality of the myosin XI extracted from moss tissues. 
Figure 4: Schematic of motility assay at molecular level 
A schematic, on the molecular level, of the gliding in vitro motility assay where myosin molecules, which in this 
diagram is heavy meromyosin (HMM) (gray), are immobilized on a suitable surface substrate (in this project, a ni-
trocellulose-coated coverslip was used) and propel actin filaments (red) upon the addition of an ATP-containing 
buffer solution. (Mansson et al., 2008) (http://dx.doi.org/10.2741/3112) 
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2.4 | Importance of work 
 In order to have a full understanding of the physiological roles of the myosin XIs found 
in plants, the properties and cellular functions of each isoform must be characterized individually 
(Yokota et al., 2009). Accordingly, the importance of the continued purification and characteri-
zation of plant myosins is echoed in all reports on the matter. However, although many myosin 
genes have been cloned in a large variety of plants, the lability and susceptibility to proteolytic 
degradation of plant myosin proteins has resulted in a lack of purified myosins that retain their 
motility in vitro (Tominaga et al., 2003). This work sought to contribute to the collective library 
of information on plant myosins by purifying functional myosin XI from Physcomitrella patens, 
thereby allowing for the future characterization of this isoform using in vitro studies to measure 
the ATPase activity, motility and processivity (Hachikubo et al., 2007). Physcomitrella patens is 
an ideal model organism for this work due to its relative simplicity and genetic versatility. With a 
more complete library of information about many individual isoforms, functional profiles of in-
dividual isoforms can be compiled and compared to determine the full range of physiological 
roles of myosin XI, as well as how many and which myosins are essential for plant development 
(Peremyslov et al., 2008). Additionally, the structural features that make class XI myosins move 
processively or not and make them move at different average velocities can be investigated (Ha-
chikubo et al., 2007). 
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3 | Materials and Methods 
3.1 | Cell strains and culture conditions 
Six different lines were used throughout this project. The control line was the wild-type Grans-
den line (Cove, 2005). Three transgenic moss cell lines were created from Gransden by fusing 
triple green fluorescent protein tags to myosin XIa. In the Gran_3mEGFP_Myo line, the myosin 
protein is N-terminally tagged. In both of the other lines, Gran_Myo_3mEGFP_19 and 
Gran_Myo_3mEGFP_28, the myosin protein is C-terminally tagged. A transgenic line named 
MBNLS4 was also used. This previously transformed, stable line expresses a single green fluo-
rescent protein fused to a nuclear localized signal (Bezanilla et al., 2003b). A subsequent trans-
formation was performed on this line, creating the NLS4_3mEGFP_Myo line, which includes 
the nuclear localized mEGFP and a 3xmEGFP tagged myosin as well (Vidali et al., 2010). 
All plants used in this project were cultured on PpNH4 medium (1.03 mM MgSO4, 1.86 mM 
KH2PO4, 3.3 mM Ca(NO3)2, 2.72 mM Di-ammonium tartrate, 45 µM FeSO4, 9.93 µM H3BO3, 
220 nM CuSO4, 1.966 µM MnCl2, 231 nM CoCl2, 191 nM ZnSO4, 169 nM KI, 103 nM 
Na2MoO4, 7 g agar/L) at 25°C under the cycle of 14 h light (90 µmol m-2sec-1) and 10 h dark. 
The plants were maintained and passed on fresh medium every week. Briefly, plant tissue were 
ground with a homogenizer (Power Gen 125, Fisher Scientific) and transferred onto cellophane 
overlaid on PpNH4 medium. 
3.2 | Preparation of moss fractions 
3.2.1 | Protoplasts 
One week-old moss tissue from 2 to 3 petri-dishes was harvested and incubated for one hour 
with one of the two following digestive solutions: 0.5% (w/v) driselase (laminarinase, xylanase 
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and cellulase)/8% (w/v) mannitol or 4% (w/v)  pectinase/4% (w/v)  cellulase/8% (w/v) mannitol 
in order to get rid of the cell wall. 
The protoplasts were sieved through 70µm mesh to remove the big debris and centrifuged at 250 
x g for 5 min. The pellet of protoplasts was resuspended in 10 ml of 8% mannitol and washed 
two more times. After counting with a hemocytometer, the protoplasts obtained from different 
lines were resuspended at the same concentration. 
3.2.2 | Miniprotoplasts 
Miniprotoplasts were prepared according to (Hamada et al., 2004) with slight modifications. 
Briefly, newly digested protoplasts were resuspended in a Percoll solution (27% Percoll (GE 
HealthCare©), 6.5 mM HEPES–KOH pH 7.3, 0.49 M sucrose, 0.62 M Sorbitol and 0.04 M 
MgCl2) and centrifuged at 20000 x g for 30 min. After centrifugation, miniprotoplasts were re-
covered at the bottom of the tube, having been separated by density from the floating vacuoles at 
the top of the tube.  
3.3 | Extraction methods 
Multiple methods were used to extract the full length 3xmEGFP-tagged myosin XIa protein from 
the different moss fractions (whole tissue, protoplasts or miniprotoplasts). Each attempt was 
evaluated by Western blots using an antibody against mEGFP.  
3.3.1 | Grinding buffer 
Freshly harvested and intact moss tissues were ground and reduced as powder in liquid nitrogen 
using a mortar and pestle and suspended in two volumes of grinding buffer (100 mM NaH2PO4, 
10 mM DTT, 10 mM protease inhibitor cocktail (Sigma-Aldrich®), 10 mM PMSF, 20% Glycer-
ol). If used after protoplasting, the moss cells were homogenized in the grinding buffer using a 
16 
 
Teflon-glass homogenizer. After vortexing, the samples were centrifuged at 4°C at 14,000 rpm 
for 10 minutes and the supernatants were analyzed by Western blot. 
3.3.2 | TCA 
Freshly harvested moss tissue or protoplasts were ground in 15% (w/v) trichloroacetic acid 
(TCA) and centrifuged at 14,000 rpm for 5 minutes. The samples were washed in acetone/25 
mM Tris-HCl pH6.5 (80:20; v/v) and analyzed by Western blot. 
3.4 | Protein electrophoresis and Western blot 
Moss fractions (whole tissue, protoplasts or miniprotoplasts) and moss extracts were added (ei-
ther directly to inactivate proteases or after grinding in either grinding buffer or TCA) to boiling 
SDS loading buffer and boiled for 5 more minutes to denature proteins. 10 to 20 µl of samples 
were loaded on pre-cast 4-12% BisTris gels (Invitrogen™). Five µL of Novex® Sharp Pre-
Stained Protein Standard were loaded in one or two lanes to serve as the molecular weight mark-
ers. Any empty wells were filled with 10 µL of the SDS loading buffer. Proteins were separated 
by electrophoresis at constant voltage (200V) for times ranging from 35 minutes to two hours 
using one of two different running buffers: MES (Invitrogen™ formula: 50.0 mM MES, 50.0 
mM Tris Base, 3.46 mM SDS, 1.02 mM EDTA) or MOPS (Invitrogen™ formula: 50.0 mM 
MOPS, 50.0 mM Tris Base, 3.46 mM SDS, 1.02 mM EDTA). 
After equilibration of the gel in transfer buffer (Invitrogen™ formula: 50.0 mM Bicine, 50.0 mM 
Bis-Tris, 2.05 mM EDTA, 10% Methanol), proteins were transferred by electroblotting for 7 to 
13 min at 20 V at room temperature (iBlot® dry blotting system; Invitrogen™) onto nitrocellu-
lose membranes (iBlot® gel transfer stacks; Invitrogen™).  
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After transfer, the gels were washed in a staining solution containing 20% methanol, 10% acetic 
acid and 0.5% Coomassie brilliant blue overnight and then de-stained with a solution containing 
10% ethanol and 5% acetic acid.  
The initial standard conditions used when the project was started were: MES Running Buffer, 
35-50 minutes, no equilibration step, 7 minute transfer. After optimization, the final standard 
conditions used were: MOPS Running Buffer, 1 hour, equilibration step for 5 minutes, 13 minute 
transfer. 
After transfer, the protein bearing membranes were blocked for 1 hour with 5% (w/v) powdered 
milk in Tris-buffered saline (TBS)-Tween (25 mM Tris, 137 mM NaCl, 2.7 mM KCl, 0.05% 
(v/v) Tween 20, pH7.4) and then incubated for 1 hour with a rabbit antibody against mEGFP (di-
luted 1:500 in TBS supplemented with 5% (w/v) powdered milk). After two washes (20 min 
each) in TBS-Tween, membranes were incubated for 1 hour with a goat peroxidase-conjugated 
secondary antibody (diluted 1:5,000 in TBS supplemented with 5% (w/v) powdered milk). 
Membranes were rinsed two times (20 min each) in TBS-Tween and then incubated with ECL 
reagent (1.25 mM Luminol, 0.2mM p-coumaric acid, 100mM Tris pH8.5). Peroxidase activity 
was visualized 1-15 minutes after adding 0.01% (v/v) H2O2 by luminescence using a gel doc de-
vice and camera. 
3.5 | Moss myosin enrichment procedures 
The two procedures used to enrich myosin from moss tissue were based on the affinity between 
myosin and actin, and required at first the preparation of pure actin filaments. Unless stated oth-
erwise, all the following steps were performed at 4°C. 
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3.5.1 | Preparation of actin filaments 
Chicken skeletal muscle actin was purified from an acetonic powder, (provided and prepared by 
Dr. Vidali from chicken breast), according to the method described by Spudich and Watt (1971). 
Briefly, 10 g of acetonic powder were dissolved in 200 mL of Buffer A (2 mM Tris-Cl, 0.2 mM 
ATP, 0.5 mM DTT, 0.2 mM CaCl2, pH=8.0) for 30 minutes. After filtration of the solution 
through 3 layers of gauze pad, the residual material was washed with another 100 mL of Buffer 
A. The combined filtrates were centrifuged at 10,000 x g for one hour. The supernatant, contain-
ing actin monomers, was filtered through 3 layers of gauze pad and incubated with 100 mM KCl, 
5 mM MgCl2 and 1 mM ATP for 30 minutes at room temperature and one hour and half at 4°C 
under mild stirring, to allow actin polymerization. The KCl concentration was increased up to 
0.6 M and the actin preparation was incubated one hour and half more at 4°C under mild stirring. 
After centrifugation at 100,000 x g for one hour, the 8 pellets of actin filaments were each resus-
pended in 2.5 ml of Buffer A, pooled and incubated for 30 min to soften the pellets. The actin 
preparation was homogenized using a Teflon-glass homogenizer and dialyzed for 3 days against 
buffer A with 3 changes of buffer to allow depolymerization. The solution containing actin mon-
omers was centrifuged at 100,000 x g for one hour to get rid of the inactive actin molecules (still 
polymerized) and the supernatant was incubated with 100 mM KCl and 5 mM MgCl2 overnight 
at 4°C under mild stirring, to allow actin polymerization. The actin filaments were kept on ice for 
up to 3 weeks without any sign of degradation or depolymerization. 
3.5.2 | Enrichment by F-actin co-sedimentation 
This procedure was adapted from Yokota et al. (1999). Miniprotoplasts prepared as previously 
described (section 3.2.2) were resuspended and homogenized in 10 volumes of EMP buffer (10 
mM EGTA, 6 mM MgCl2, 100 µg/mL leupeptin, 0.5 mM PMSF, 2 mM DTT, and 30 mM PIPES-
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KOH, pH=7.0) using a Teflon-glass homogenizer and the homogenate was centrifuged at 
100,000 x g for 30 min to get rid of the big organelles and debris. The resulting supernatant con-
taining myosin molecules was incubated with relatively pure actin filaments (section 3.5.1) for 
30 min. After centrifugation at 100,000 x g for 30 min, the pellet containing actin filament-
associated proteins was resuspended and homogenized in EMP buffer supplemented with 0.2 M 
KCl for 30 min, and centrifuged again to remove the proteins non-specifically bound to actin fil-
aments. This second pellet was resuspended and homogenized in EMP buffer supplemented with 
0.2 M KCl, 5 mM ATP, 5 mM phosphate buffer pH=7.0 for 30 min. The hydrolysis of ATP 
providing the necessary energy for myosin molecules to detach from actin filaments, after cen-
trifugation, the myosin molecules were recovered in the supernatant. 
3.5.3 | Affinity column procedure 
The protocol used was adapted from Barnes et al. (1992) with modifications and is described in 
Figure 5. Actin filaments prepared as previously described (section 3.5.1) were stabilized with 1 
µM of Phalloidin and applied to a nitrocellulose column. After a 30 min incubation step allowing 
actin binding to the nitrocellulose, the column was blocked for 30 min with AB buffer (25 mM 
imidazole-HCl, 25 mM KCl, 4 mM MgCl2, 1 mM EGTA, 1 mM DTT, pH=7.4) supplemented 
with 2% (w/v) BSA and then equilibrate with AB buffer. The column was loaded with an extract 
of homogenized miniprotoplasts and washed with AB buffer. Actin-binding proteins and myosin 
molecules were eluted with AB buffer supplemented respectively with 0.2 M KCl and 5 mM 
ATP. 
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Figure 5: Brief schematic of enrichment procedure via actin-based affinity column 
This schematic briefly covers the basic steps of enrichment of myosin using an actin-based affinity column. 
Before this procedure, the moss tissue must be miniprotoplasted. After the enriched myosin is eluted, it is 
used in motility assays. 
Create miniprotoplasts 
from moss cell lines 
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3.6 | Motility assays 
3.6.1 | Preparation of “sandwiches” 
The techniques used for this project are all based on those covered in previous works on actomy-
osin motility assay techniques (Kron and 
Spudich, 1986; Kron et al., 1991; 
Spudich et al., 1985). As described in 
Figure 6, coverslips were affixed to a 
slide via water droplets and coated with 
one or two drops each of 0.2% (w/v) ni-
trocellulose in isoamyl acetate, spread 
with a pipette tip evenly and allowed to 
dry. Fifty to 100 µL of cellular extract, 
enriched myosin or any other desired 
sample was pipetted onto parafilm sitting 
on top of ice. A coverslip was placed ni-
trocellulose-side down onto the sample 
and allowed to incubate for an hour on 
ice. The coverslip was then flipped over 
and washed with 100 µL of AB buffer 
supplemented with 2 mM BSA to block any unoccupied nitrocellulose. On a slide, 20 µL of an 
all-in-one solution AB/BSA/GOC/ATP/F-actin (25 mM imidazole HCl, 25 mM KCl, 4 mM 
MgCl2, 1 mM EGTA, 1 mM DTT, 0.5 mg/mL BSA, 0.018 mg/mL catalase, 0.1 mg/mL glucose 
oxidase, 3 mg/mL glucose, 2 mM ATP, 1:100 Alexa actin, 2 µM phalloidin) was added. Two op-
Figure 6: Brief schematic of motility assay preparation. 
This schematic briefly covers the basic steps of the preparation 
of the samples on slides for the motility assay. 
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posite sides of the coverslip were dipped in Vaseline and the coverslip was placed nitrocellulose 
side down on top of the solution on the slide. 
3.6.2 | Microscopy 
Imaging was performed using a Zeiss Axiovert 200M Microscope which is based on an inverted 
microscope base equipped with a Coolsnap fx CDD camera. A filter module with a 
FITC/488/GFP filter set and a 63x (oil) DIC Plan-APO CHROMAT was used. Zeiss Axiovision 
software was used to take time-lapse movies with 2x2 binning of the motility assays.  
Figure 7: Schematic of motility assay flow cell with inset on the molecular level 
This diagram was created by a graduate student, Genevieve Bates, of Anne-Marie Lauzon’s lab in the Meakins-
Christie Laboratories of McGill University in Canada and can be found at her website: 
http://lauzonlab.mcgill.ca/pages/research%20team/genevieve%20page.html and is used with her permission. It 
shows the flow cell as first used during this project and similar to the final version. The pictured flow cell uses dou-
ble sided sticky tape to attach the coverslip to the slide and all solutions are flowed through the chamber using a 
pipet on one side and filter paper on the other. The final techniques used in this paper reduced the amount of flowing 
of solutions through the flow cell so as to prevent unnatural, flow-shaped myosin and actin positioning.  
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4 | Results 
In order to investigate the biochemical properties of myosin XI from moss, it is necessary 
to isolate the full length protein from the rest of the contents of the cell. Having a purified prepa-
ration of myosin XI will allow for the performance of quantitative motility assays, measurement 
of its actin-activated ATPase activity, and determination of its processivity and duty ratio. In this 
section, results obtained from Western blots, performed to evaluate the efficiency of different 
extraction and purification procedures, and from motility assays, used to investigate the protein 
functionality, will be presented. 
4.1 | Testing specificity and titration of primary antibody  
 First, the affinity and specificity of the antibody against mEGFP, the protein being used 
to tag myosin XIa, had to be demonstrated. Extracts from Gransden (Gran in figures), the wild 
type moss line which does not express any mEGFP, and from the transgenic line expressing 
NLS-mEGFP (MBNLS4 in figures) were analyzed by Western blot. As expected (Bezanilla et 
Figure 8: Polyclonal primary antibody 
binds specifically to mEGFP. 
Tissues from the moss cell lines MBNLS4 
(expressing NLS-mEGFP) and Gran (the 
Gransden wild type) were ground in liquid 
nitrogen and then resuspended in grinding 
buffer. After centrifugation, the supernatants 
containing soluble proteins were boiled in 
SDS-loading buffer and then 20µl of each 
sample were loaded in parallel onto 2 gels, one 
for immunoblotting and one for staining. Both 
gels were run using the initial standard condi-
tions. A.) The gel was transferred, without an 
equilibration step, for 7 minutes and the blot 
incubated in a 1:3000 dilution of primary anti-
body. The secondary antibody was at a con-
centration of 1:5000. B.) The gel was stained 
with Coomassie Brilliant Blue.  
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al., 2003b), the NLS-mEGFP protein is clearly visible as a prominent band at ~100 kDa for the 
transgenic cell line in (Figure 8A – left lane). The absence of this band in the Gransden extract 
(Figure 8A – right lane) is a strong indication of the specificity of this antibody.  
A second gel loaded in parallel with the same samples and stained with Coomassie Bril-
liant Blue confirmed that proteins were efficiently extracted from both moss tissues and that sim-
ilar amounts of protein were loaded for both samples, allowing a direct comparison between the 
two lanes (Figure 8B).  
An appropriate concentration of primary antibody had to be determined and kept constant 
from experiment to experiment to compare the results from different Western blots. The intensity 
of the bands of cell extracts from Gransden (Gran), the wild type moss line, and the transgenic 
line from Gransden expressing the triple tagged myosin XI (Gran_3mEGFP_Myo) were com-
pared for 1:500, 1:1000, and 1:2000 fold dilutions of primary antibody (Figure 9). A concentra-
tion had to be chosen that was high enough to show a relatively small amount of mEGFP, as a 
large amount of full length myosin was not expected, but not so high that it caused too much 
background from non-specific binding to other proteins present on the membrane. The dilution 
of 1:500 gave acceptable mEGFP signal over background (Figure 9 – first panel) and was chosen 
for subsequent analysis. Dilutions of the secondary antibody were not compared because it can 
be used in much lower concentrations due to its strong affinity for the primary antibody and had 
previously been shown to have no non-specific background (data not shown).  
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Figure 9: Titration of primary antibody 
Tissues from the moss cell lines Gran (the Gransden wild type) and Gran_3mEGFP_Myo (the transgenic line from 
Gransden with a triple GFP tag on the N-terminus of myosin XIa)  were ground in liquid nitrogen and then resus-
pended in grinding buffer. After centrifugation, the supernatants containing soluble proteins were boiled in SDS-
loading buffer. The polyacrylamide gel was loaded with a set of these samples in triplicate and run with initial 
standard parameters. After transfer, the membrane was cut into three, so that each swatch had a set of the three sam-
ples. Each swatch was incubated in a different concentration of the primary antibody against GFP. The secondary 
antibody for all three was a concentration of 1:5000.  
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4.2 | Optimization of full length myosin XI extraction  for Western blots 
As a first step in the purification of myosin XI from Physcomitrella patens, the full length 
molecule must be extracted from broken cells. There are several obstacles to overcome when try-
ing to extract proteins from plant cells that are not found when working with animal cells. Plant 
cells have a rigid cell wall that surrounds their cell membrane which necessitates the use of harsh 
grinding methods to break mechanically. Alternatively, the cells can first be gently digested with 
enzymes that degrade the cellulose and pectin moieties that make up plant cell walls, leaving 
protoplasts. 
Plant specific vacuoles provide another obstacle that biochemists have to face when puri-
fying proteins from plant tissues. In most plant cells, the vacuole takes up the majority of the 
cell’s volume. This vacuole stores, among other things, proteases—enzymes that degrade pro-
teins. When the cell is broken open, the vacuole is generally disrupted and the proteases released. 
Plant myosins are very vulnerable to proteolytic degradation by these proteases (Yokota and 
Shimmen, 1994). Consequently, if the proteolytic activity is not stopped immediately, after 
breaking open the cells, the myosins are quickly degraded. 
Different strategies to halt the proteolytic activity and extract proteins were tested in or-
der to find one that was efficient for use with Physcomitrella patens. Transgenic moss cell lines 
expressing the triple tagged myosin XI (Gran_3mEGFP_Myo) were used to evaluate extraction 
conditions and myosin XI stability using Western blots. The heavy chain of myosin XIa in 
Physcomitrella is about 170 kDa, and each mEGFP tag is 27 kDa; the full length myosin XI in-
cluding the three mEGFP tags was expected to migrate as a band of about 260 kDa. Thus, the 
presence of intact full-length myosin in Physcomitrella patens' extracts is indicated by a band at 
about 260 kDa. 
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Initially, the simplest grinding and extraction conditions were tested. Moss tissues, from 
the wild-type cell line and the transgenic line with N-terminally tagged myosin, were frozen in 
liquid nitrogen to stop any enzymatic activity and ground with a mortar and pestle to homoge-
nize the cells. The ground up moss tissues were resuspended in ice-cold grinding buffer which 
Figure 10: Comparison of various extraction methods 
Western blots on the extracts from the moss cell lines Gran (the Gransden wild type) and Gran_3mEGFP_Myo (the 
transgenic line from Gransden with a triple GFP tag on the N-terminus of myosin XIa) were used to compare four 
extraction methods. The extraction method of the samples in A.) consisted of grinding the moss tissue in liquid ni-
trogen, resuspending it in grinding buffer, and taking the supernatant after centrifugation. The samples for the first 
extraction method in B.) were obtained by grinding the moss tissue in 15% TCA and taking the supernatant after  
several washes and centrifugations. For the second method in B.) protoplasts were prepared as described in the Ma-
terial and Methods section and immediately boiled in SDS-loading buffer. The final method reported in B.) involved 
grinding the protoplasts in TCA first. All samples were boiled for 5 minutes in SDS-loading buffer before electro-
phoresis. Both gels A.) and B.) were run and proteins transferred using the initial standard parameters. All lanes 
shown for B.) were run at the same time on the same gel. The red triangles indicate bands of about 260 kDa.  
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contained protease inhibitors and the samples were rapidly added to boiling SDS-sample buffer 
to ensure that the proteases remain inactive and denature all the proteins.  Under these condi-
tions, the Western blot did not show any bands around 260 kDa (Figure 10A).  
Degradation was expected to have occurred during the resuspension and extraction of the 
cellular material after grinding in liquid nitrogen. To overcome this problem, the moss tissues 
from the same two lines were ground in 15% trichloroacetic acid (TCA) in order to inactivate the 
proteases at the same time that the tissue was disrupted. TCA is a strong acid that denatures and 
precipitates proteins rapidly, but for subsequent electrophoresis it needs to be diluted and neutral-
ized. A faint band was seen very slightly above the 260 kDa and a darker band just below, that 
could correspond to the full length tagged myosin XIa. 
Two other extraction conditions were also compared, in which the moss tissue was ini-
tially protoplasted and, either immediately boiled with SDS-sample buffer, or first ground in 
15% TCA before boiling. After electrophoresis and Western blotting, a band of about 260 kDa 
was detected only in the first condition (Figure 10B). The results obtained from boiled proto-
plasts show a thicker and darker band than that obtained from the whole tissue ground in TCA 
(Figure 10B). These analyses indicate that preparing protoplasts and boiling them directly in 
SDS-sample buffer can be a simple and reproducible extraction for Western blot analysis of my-
osin XI. These results also demonstrate that intact 3xmEGFP tagged myosin XI can be detected 
using Western blots. Having a method to detect the tagged myosin will be very important for 
subsequent enrichment and purification of the full length protein.  
29 
 
4.3 | Optimization of running and transfer conditions 
The presence of bands close to the expected molecular weight was seen near the top of a 
gel that had run for more than twice the manufacturer’s recommended time, suggesting that the 
running conditions had to be modified to increase the resolution. The running time was increased 
to allow the large tagged myosin molecules to move through the gel. Based on suggestions from 
additional online information from the gel manufacturer, the running buffer was also changed 
from MES to MOPS, as MOPS running buffer is better suited for electrophoresis of higher 
weight molecules. When gels were run using MOPS, the molecules migrated much further down 
the gel (Figure 11) than they did when the MES running buffer was used for an even longer peri-
od of time. 
Further information was obtained from the transfer apparatus manufacturer to optimize 
the transfer process. To increase the mobility of the proteins, the transfer time may be extended. 
The duration of the transfer was increased from 7 minutes up to 13 minutes. Visual inspection of 
stained gels showed an apparent decrease in the amount of protein left in the gel after the in-
crease in transfer time (data not shown). The final optimization consisted of equilibrating the gel 
with 10% methanol for 5-10 minutes prior to transfer via the iBlot. The methanol strips SDS 
from the gel, increasing the proteins’ ability to adsorb to the membrane1.  
Figure 11 shows a Western blot that was run and transferred with all the optimizations. 
Bands were seen at about 260 kDa for all the lines that have triple mEGFP tagged myosin, ex-
cept for Gran_Myo_3mEGFP_19 which showed a large amount of degradation. The wild type 
Gran did not have a band at 260 kDa.  Although the majority of the mEGFP signal still corre-
                                                 
1 http://www.millipore.com/immunodetection/id3/proteintransfer 
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sponded to degradation products, bands of the appropriate molecular weight for the intact 
3xmEGFP tagged myosin XI were detected (Figure 11). 
4.4 | Enrichment of moss myosin XI by F-actin co-sedimentation 
Due to the great sensitivity of the chemiluminescence system used, even very small 
amounts of a protein, such as that of the myosin found in a cell extract, can be detected. Howev-
Figure 11: Optimized blot shows bands at about 
260 kDa for two of the transgenic lines. 
One wild type and three transgenic lines were 
compared. Tissues from the moss cell lines Gran 
(the Gransden wild type), Gran_3mEGFP_Myo 
(the transgenic line from Gransden with a triple 
GFP tag on the N-terminus of myosin XIa) and 
Gran_Myo_3mEGFP_19 and 28 (the two trans-
genic lines from Gransden with the triple GFP tag 
on the C-terminus of myosin XIa) were proto-
plasted and then boiled immediately in SDS load-
ing buffer. 10 µL of the four cell line extracts were 
loaded on gel. A fifth extract, 
NLS4_3mEGFP_Myo (the transgenic line with 
both a NLS-GFP tag and a triple GFP tag on myo-
sin XIa), which had previously been ground in 
liquid nitrogen, resuspended in grinding buffer, 
boiled in SDS loading buffer and kept at -20°C, 
was also loaded at 5 µL. This blot was run with all 
the optimizations. The gel was run for 84 minutes 
with MOPS SDS Running Buffer. It was equili-
brated in equilibration solution for five minutes. It 
was transferred using iBlot, program 3 for 13 
minutes. A.) shows the area around 260 kDa 
marked by a red box in B.) enhanced to make the 
bands more visible.  
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er, in order to perform a successful motility assay, the concentration of myosin must be far great-
er. The myosin molecules coated on the glass surface must be close enough to each other to al-
low actin filaments to slide easily from myosin to myosin and always be in contact with at least 
two of the heads. Before a complete purification is attempted, the extracted myosin can be en-
riched to increase the concentration enough that the functionality of the protein can be deter-
mined using a motility assay. The process of enriching myosin exploits the strength and specific-
ity of actomyosin binding interactions. It allows for the separation of myosin from other soluble 
proteins that do not bind to actin but also from other actin-binding proteins by using an ATP-
containing buffer for the elution step. 
As previously stated, most of the proteases are kept within the vacuole during regular cell 
activity. Vacuoles can be removed from protoplasts by employing the difference in densities 
within the vacuole and the rest of the cell. Of all the cellular preparations used during this pro-
ject, miniprotoplasts have the least amount of extra cellular debris and the least amount of prote-
ases. In this way, disruption of these miniprotoplasts results in much less proteolytic activity. 
Enrichment of myosin was attempted by co-sedimentation with polymerized actin 
(Yokota and Shimmen, 1994). Chicken skeletal muscle actin was polymerized in a relatively 
high salt solution. Miniprotoplasts were homogenized and centrifuged to remove large cellular 
elements. The F-actin was added to the supernatant. The majority of the myosin molecules with-
in the cellular extract is expected to bind to the newly added F-actin. This solution was then cen-
trifuged at a speed high enough to pellet F-actin and the  myosin along with it.. The pellet was 
washed with a relatively high salt solution to remove other actin binding proteins and centrifuged 
again. The new pellet was resuspended in a buffer containing ATP allowing the myosin to un-
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bind from the F-actin. Centrifugation again created a pellet of F-actin, but this time the unbound 
myosin remained in the supernatant. 
This enrichment process was performed on Gran, Gran_3mEGFP_Myo and 
Gran_Myo_3mEGFP_19 extracts. No bands were seen at ~260 kDa when these samples were 
immunoblotted. Consistent with that data, motility assays using the supernatant did not show any 
movement that would indicate the successful enrichment of full length, functional myosin (Data 
not shown). Therefore, a different method of enrichment had to be explored. 
4.5 | Enrichment of moss myosin XI by affinity column and assessment of 
functionality by motility assay 
When motility assays of the co-sedimentation process showed no movement, an affinity 
chromatography procedure used in a report to identify and purify microtubule associated proteins 
(Barnes et al., 1992) was adapted as an enrichment process for myosin. A sample of homoge-
nized miniprotoplasts was passed through an actin/nitrocellulose affinity column. Chicken skele-
tal muscle actin was first polymerized and mixed with rhodamine-phalloidin to promote stabili-
zation of actin filaments (Harada et al., 1990). The F-actin was immobilized by incubation with 
powdered nitrocellulose in the column which was then blocked using BSA. Proteins with binding 
activity to actin remained in the column after a low salt wash was used to elute all unbound pro-
teins. A wash with a high salt was then used to elute any actin binding proteins other than myo-
sin. Those fractions were collected during the purification of the Physcomitrella patens cell ex-
tract to compare against the fractions with myosin. Finally, ATP was added to elute the myosin.  
For the motility assays, myosin was affixed to a nitrocellulose coated coverslip so the 
myosin heads could form a sea on which the F-actin could surf (Figure 4). This setup mimics the 
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conditions in vivo, although within a live cell, the myosin is mobile and moves along cytoskeletal 
actin filaments. The nitrocellulose is then blocked to prevent the binding of actin to the coverslip. 
Fluorescently  tagged chicken skeletal muscle actin (labeled with Alexa-phalloidin) was then 
passed under the coverslip. The F-actin binds to the myosins affixed to the coverslip and remains 
there until ATP is added.  
The efficiency of the affinity column was first tested with heavy meromyosin (HMM), a 
non-processive class II myosin missing a part of its tail, preventing the molecules from polymer-
izing (Figure 12). The figures show the success of the affinity column purification because of the 
presence of more filaments, a larger percent of which are moving. In Figure 12A, over half of the 
filaments are circled in red, meaning that they remained immobilized throughout the video. In 
Figure 12B, the number of total filaments at least doubles while the average length of a single 
Figure 12: HMM motility assays before and after actin-based affinity column purification 
Time-lapse capture shown at 5 second intervals of motility assays prepared as described in the Materials and Meth-
ods. The red circles in both montages indicate the filaments that remained immobilized. A.) A sample of HMM be-
fore it was passed through the affinity column. B.) A sample of HMM after being passed through the affinity col-
umn.  
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filament decreases. Still, less filaments remained immobilized than in Figure 12A, and the im-
mobilized filaments make up less than half the total filaments. The increase in smaller filaments 
is likely due to a greater concentration of active myosin on the nitrocellulose surface.  
When the moss extracts were passed through the actin-based affinity column, motility 
was seen in the first fraction of the ATP elution. Figure 13A shows another time-lapse montage 
of HMM propelled-fluorescent actin filaments for comparison against Figure 13B, which shows 
a time-lapse montage of a motility assay containing the first fraction of the ATP elution. In Fig-
ure 13A, the actin filament of interest, marked by a red arrow in every frame, moved at a fairly 
regular pace. In Figure 13B, each of the first four frames, which span a total of 40 seconds, have 
a red arrow pointing to one end of the filament of interest and a blue arrow pointing to the other 
end. This was done to highlight that although the filament's speed is extremely slow for that time 
period, it is moving the entire time. Eighty seconds into the time-lapse, the same filament, indi-
cated by a single green arrow in the last four frames, suddenly moves with great speed. The fila-
ments in the motility assay with the myosins extracted from Physcomitrella patens are much 
longer than those in the motility assay with HMM. 
The motility of the Alexa actin on the myosin extracted from Physcomitrella patens indi-
cates that functional myosin can be enriched from transgenic lines that express triple mEGFP 
tagged myosin. This is a key success in this project along with the visualization of bands around 
260 kDa seen in Figure 11 indicating the extraction of full-length tagged myosin XIa. These re-
sults are encouraging for the pursuit of the isolation and characterization of plant myosin XI. 
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Figure 13: Time-lapse captures of motility assays using enriched HMM and Physcomitrella patens myosin  
A.) A motility assay using HMM post-enrichment by actin-based affinity column. A single filament of interest is 
indicated by a red arrow in each frame as it is tracked over 15 seconds during which it moves with a fairly regular 
velocity. B.) Moss tissue from the Physcomitrella patens transgenic line Gran_Myo_3mEGFP_28, which has a triple 
GFP tag on the C-terminus of myosin XIa, was miniprotoplasted and homogenized in grinding buffer containing 
protease inhibitors before being passed through the actin-based affinity column. A motility assay using the first frac-
tion of the ATP elution showed sliding fluorescent Alexa actin filaments. For the first four frames, red and blue ar-
rows are used to point to either end of the filament of interest. The second four frames show the same filament, this 
time indicated using a green arrow. 
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5 | Discussion 
In this project, I was working towards creating a reliably reproducible protocol for purify-
ing tagged myosin XIa from the moss Physcomitrella patens. I worked with transgenic lines 
which express myosin XIa with a triple mEGFP tag, fused either to the N-terminus or C-terminus 
end of the protein. I extracted proteins from fresh tissue, protoplasts and mini-protoplasts. I used 
several different methods, including grinding in a protease inhibitor-containing buffer, grinding 
in TCA and boiling in SDS loading buffer, to inactivate the proteases found in plant cell vacu-
oles that were degrading the tagged myosins very quickly upon disruption of the cells. The pres-
ence of bands around 260 kDa on  Westerns blots indicated that the full length myosin XIa with 
the 3xmEGFP tag is present and extractable from all individual lines. To check if the extracted 
myosins were still functional when extracted with the protease inhibitor-containing grinding 
buffer, I performed motility assays after enriching the samples. I discovered that enrichment of 
the myosin is better performed using an actin-based affinity column rather than co-sedimentation 
with F-actin and centrifugation. The sliding movement of Alexa actin in my motility assays 
showed that the myosin can be extracted and enriched and remains functional. 
5.1 | Testing specificity and titration of primary antibody 
The specificity of the primary antibody against mEGFP is crucial for the detection of the 
tagged myosins and therefore has a direct impact on the way results are interpreted. I tested the 
specificity of the primary antibody by comparing the bands seen from an extract of the wild type 
cell line and an extract of MBNLS4 on a Western blot. There was a prominent band at 100 kDa, 
the expected size for the NLS-mEGFP protein expressed in the transgenic MBNLS4 line 
(Bezanilla et al., 2003b), which was not present in the wild type extract (Figure 8A). There were 
some faint bands seen in the wild type extract that correspond to background. These bands can 
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be used to rule out the significance of any matching bands in the transgenic lines extracts. The 
primary antibody was sufficiently specific to mEGFP, as expected. 
Based on the low levels of mEGFP fluorescence observed in the transgenic lines, due to a 
low level of expression of myosin XI constructs in moss (Vidali et al., 2010), I anticipated that I 
would only be able to extract a small amount of tagged myosin. In order to detect this small 
amount of protein, the primary antibody concentration had to be high, but not so great that the 
antibodies in the rabbit serum began binding non-specifically. While 1:1000 dilution of primary 
antibody seemed to give, based on visual evaluation, the greatest signal to noise ratio, 1:500 also 
gave an acceptable signal to noise ratio and was chosen over the concentration of 1:1000 to en-
sure a high enough sensitivity.  I used a dilution of 1:3000 for the primary antibody in the exper-
iments prior to titration, because I expected a high background at lower dilutions of rabbit serum.  
In other reports, Western blots were also used to identify the presence of myosin in other 
plants, but the antibody was prepared specifically against the sequence of the myosin isoform of 
interest (Hashimoto et al., 2005; Tominaga et al., 2003; Yokota and Shimmen, 1994; Yokota et 
al., 2009). However, the capacity of Physcomitrella patens for relatively easy and frequent trans-
formation with recombinant constructs (Cove, 2005; Schaefer and Zrÿd, 2001), allows for the 
addition of molecular tags onto the proteins. Generic, accessible primary antibodies could then 
be used for immunoblotting. When necessary, increased specificity may be obtained by purifying 
the primary antibody using an antigen affinity column in a procedure similar to the one per-
formed to enrich myosin in this work. This would concentrate the specific anti-mEGFP antibod-
ies and eliminate any other antibodies which may contribute to background due to non-specific 
binding.  
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5.2 | Optimization of full length myosin XI extraction for Western blots 
Before purifying or enriching a protein, it is important to ensure the proper expression of 
the protein of interest. A reliable, reproducible and simple method of extraction and detection 
(for example, a Western blot) is needed that will lead to the least protein degradation possible. If 
the extraction process is not done to minimize degradation, it is possible that one would see no 
band where one expects to and come to the conclusion that one’s protein is not properly tagged 
or not expressed, when in fact it is.  
 A band seen at about 260 kDa, for the transgenic lines used in this project, is predicted to 
indicate the presence of myosin XIa tagged with all three mEGFP tags. The loss of one, two or 
all mEGFP tags is expected during extraction because the linker sequence in between each 
mEGFP tag is susceptible to being cut by proteases. Proteases also hydrolyze peptide bonds 
within the myosin structure itself although the susceptible sites are not known at this time. A 
band at about 230 kDa would suggest the loss of one mEGFP from the myosin molecule. A band 
at about 200 kDa would suggest the loss of two mEGFP. If the linker sequence between the my-
osin and the innermost mEGFP tag is hydrolyzed while the myosin itself is left intact, the protein 
will migrate to about 170 kDa, but because anti-mEGFP is being used as the probe marker, a 
band will not be seen by Western blot. A band at around 30 kDa corresponds to a single mEGFP; 
a band at around 60 kDa is likely two mEGFPs still bound together; a band at around 90 kDa 
would suggest that the degradation resulting in an intact, untagged myosin XIa also left the 
3xmEGFP still as a single molecule. The makeup of any protein fragments creating any bands 
found between 90 kDa and 170 kDa remains unknown. In papers in which antibodies against cer-
tain isoforms of myosin are used, the bands at different sizes are only caused by degradation of 
the endogenous protein, not the loss of tags. 
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 The presence of bands around 260 kDa on the blot shown in Figure 11 indicates that the 
full-length tagged myosin protein is being expressed in the moss lines Gran_3mEGFP_myo, 
Gran_Myo_3mEGFP_28 and NLS4_3mEGFP_Myo. The lack of a band at that size for the line 
Gran_Myo_3mEGFP_19 suggests either that the line is not properly expressing the tagged myo-
sin or that the resultant protein is significantly more fragile than the one found in 
Gran_Myo_3mEGFP_28. The bands of smaller sizes on the blot show that there is a large 
amount of degradation occurring in the proteins, even with all of the extraction optimizations. 
The presence of multiple bands smaller than 260 kDa demonstrates that the tagged protein has 
several locations susceptible to proteolytic cutting.  
I evaluated different protein extraction methods by Western blotting. Two parameters 
were varied; the presence or absence of the cell wall prior to extraction and the method of inacti-
vation of proteases. I worked with fresh tissue, and protoplasts, after digestion of the cell wall. 
The inactivation of proteases was achieved either by including protease inhibitors in the grinding 
buffer, denaturing by straight boiling, or precipitation in TCA.  
Tissue was ground in liquid nitrogen to break open the cell walls before it could be resus-
pended in the grinding buffer which contained protease inhibitors. This was the first method of 
choice because it is not only the simplest one, but is also the one most similar one used to start a 
biochemical preparation as it keeps most of the proteins in their native state. I expected there to 
be degradation from this method because of the time between grinding the tissue and re-
suspension in the grinding buffer during which the proteases could act. I expected less degrada-
tion for protoplasts ground in grinding buffer because without the cell wall, the grinding in liquid 
nitrogen was avoided and the proteases were immediately exposed to the protease inhibitors up-
on release. The specific make up of proteases in Physcomitrella patens is unknown, but I predict 
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that there are multiple different proteases, and the general mix of protease inhibitors for plants 
that I used may not have inhibited all the proteases present. Even though I knew about the prote-
ases and plant myosins’ lability in general, the degradation I saw with such samples was above 
my expectations. 
Straight boiling of intact tissue did not yield a band around 260 kDa. I do not think that 
boiling for such a short period of time provides enough disruptive power to break through the 
cell walls. The straight boiling of protoplasts, on the other hand, did yield a band around 260 
kDa, although there was still degradation. I expected grinding in TCA to work the best due to its 
use by other plant researchers (Hashimoto et al., 2005; Yokota and Shimmen, 1994). TCA works 
immediately, denaturing all proteins during the first step and cannot be reversed.  
I expected that if a band around 260 kDa was seen along with degradation when proto-
plasts were straight boiled, a brighter band with less degradation should be seen when the proto-
plasts were ground in TCA. I also expected that with any form of extraction, protoplasts would 
produce a brighter band compared to tissue grinding. However, I did not see ~260 kDa bands for 
TCA extraction of protoplasts (Figure 10). Although I saw a band when I ground tissue in TCA, 
the band from the protoplasts that were boiled was much brighter (Figure 10). Boiling seemed to 
work the best in all cases. 
Although my results with TCA do not reflect my expectations, I suggest that after opti-
mization, the best course of action for extracting intact myosins for Western blots will be grind-
ing protoplasts in TCA. While boiling does denature all the proteins found in plant cells, proteas-
es have the ability to act while the solution is heated. In contrast, TCA denatures and precipitates 
all proteins and stops the proteases fast. Also, the cell walls do make up a relatively large per-
centage of the cellular debris in an extract made from intact tissue, which could increase the dif-
41 
 
ficulty in obtaining a good extract for a Western blot. Removing the cell wall by protoplasting 
prior to homogenization reduces this extra cellular mass and increases the concentration of all 
cytoplasmic proteins in the final extract. I predict that future results will reflect these expecta-
tions when the TCA protocol has been optimized and the samples are run using the optimized 
Western blot conditions. 
5.3 | Optimization of running and transfer conditions 
 The Western blot is a detection process with limited sensitivity, but greatly affects a re-
searcher’s conclusions. The running and transfer conditions had to be optimized so that I could 
make accurate assumptions about the efficiency of the extraction method, and the existence and 
stability of the protein. Also, the optimizations that were made had to be implemented in order to 
suit the large size of the myosin protein. 
Parameters for both protein electrophoresis and protein transfer from gel to membrane 
were altered. First, I extended the electrophoresis running time. I changed the running buffer 
from MES to MOPS, a more appropriate buffer for higher mass proteins. I equilibrated the gel 
prior to transfer in 10% methanol, and extended the transfer time from 7 minutes to 13 minutes. 
The results of the optimizations to the running conditions were easily observable by 
tracking the movement of the molecular weight markers through the gel during electrophoresis. 
The necessary increase in time it took to move the 260 kDa marker through the gel was not pro-
portional to the distance due to the increasing gradient of polyacrylamide concentration. The 
time increase necessary for the tagged myosin XI to migrate further down the gel with MES was 
not practical. Instead, MOPS allows the proteins to move through the gel much faster. With 
MOPS, I saw a large difference in how quickly the bands moved, however its usefulness was still 
limited by the gel percentage gradient. 
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I made several qualitative conclusions about the results of the optimizations to the trans-
fer procedure, although I did not stain and photograph the gels consistently enough to provide 
presentable data for this paper. The methanol equilibration and extended transfer time increased 
the amount of protein that was transferred, especially in the high molecular weight area. I have 
qualitatively concluded that each of these changes is useful. I could better demonstrate the trans-
fer condition optimization results by comparing several gels with the same samples, one stained 
before transfer, and the rest stained after being transferred, first with no optimizations, then with 
an equilibrium stage and finally with both the equilibration and increased transfer time. 
There was one final source of improvement to the quality of the final blots. For a while, 
the transfer stacks, including nitrocellulose membranes, that I was using for the iBlot® dry blot-
ting system from Invitrogen™ were recently expired. When I received a new package of unex-
pired transfer stacks, I saw a sharp decline in the amount of strange, widespread unspecific bind-
ing which led me to conclude that using expired membranes really affected the quality of the 
Western. I did not expect that the membranes being expired would have that big a difference on 
the quality of the final result.  
During electrophoresis, further improvements to the protein migration distance can be 
made by using a polyacrylamide gel either with a lower range gel percentage gradient or with no 
gradient at all. The change in precast Invitrogen™ gels from 4-12% Bis-Tris to 3-8% Tris-
Acetate would require a change in running buffers as well, in which case the electrophoresis 
should first be performed for the manufacturer's suggested time. Between electrophoresis and 
transfer, the proper concentration of methanol and equilibrating time could also be optimized to 
assist in the transfer of the bigger proteins. Finally, the voltage at which transfer occurs can also 
be increased.  
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5.4 | Enrichment of moss myosin XI by F-actin co-sedimentation 
It is better to use an enriched preparation of myosin rather than a simple cellular extract 
for a motility assay because, in the original extract, there are many other proteins including those 
that interact with myosin, and the concentration of myosin is low. Enrichment gets rid of most of 
the other cellular elements and increases the concentration of myosin, usually by exploiting the 
strong affinity myosin has for F-actin. F-actin and myosin will bind to each other tightly in the 
absence of ATP. I first used F-actin to precipitate myosin in order to separate it from less dense 
cellular material using ultracentrifugation. Myosin was then freed from F-actin using ATP and 
then ultracentrifugation separated the myosin from the F-actin. 
  Miniprotoplasts were used for extraction for this procedure. A Percoll gradient was used 
to remove the vacuoles from the cytoplasm of cells due to the density difference between the 
two, leaving miniprotoplasts. I expected that, with any form of extraction used, the proteins from 
miniprotoplasts should exhibit the least degradation due to the removal of the majority of the 
proteases with the vacuole prior to cellular disruption.  
 This enrichment process was performed on three different cell lines: Gran, 
Gran_3mEGFP_Myo and Gran_Myo_3mEGFP_19. Aliquots from the fractions were collected 
after each step of the enrichment process and boiled immediately in SDS loading buffer, and 
fractions were tested for myosin motility by the motility assay. I saw neither bands in the West-
ern blots, nor motility in the motility assay, which suggests that this procedure did not work. This 
is in contrast to the paper from which this procedure was adapted in which researchers success-
fully use F-actin to co-precipitate myosin polypeptides from pollen tubes of lily, Lilium longiflo-
rum, including a 170 kDa fraction which showed motility when treated with ATP (Yokota and 
Shimmen, 1994). Each step provides a chance for loss of material, whether through the superna-
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tant or the pellet, or because of the time it takes for centrifugation and washing. It is also possible 
that a large enough concentration of F-actin was not used. In future experiments it will be of im-
portant to stain the gel to see which, if any, proteins remained after each centrifugation step. Af-
ter the final centrifugation, the only expected proteins are the majority of F-actin in the pellet and 
myosin in the supernatant. Instead of separating the proteins from myosin based on density using 
a free floating affinity matrix, I attempted to isolate myosins based purely on its attachment to 
actin using an immobilized affinity matrix.  
5.5 | Enrichment of moss myosin XI by affinity column and assessment of 
functionality by motility assay 
An affinity column consists of an immobilized affinity matrix that does not allow loss of 
material. While co-sedimentation uses F-actin to bind myosin, allowing it to be separated from 
other proteins based on density, the affinity column separates proteins based solely on their affin-
ity to F-actin, which is immobilized in the column. A sample of miniprotoplasts, homogenized in 
grinding buffer, was passed through an actin/nitrocellulose affinity column. The F-actin, stabi-
lized by rhodamine-phalloidin, was affixed permanently and immobilized in the powered nitro-
cellulose. When the extract was passed through the column, the actin bound to anything to which 
it has a strong affinity, allowing all other proteins to wash through. 
The first fraction of the ATP wash showed motility. I conclude that the nitrocellulose 
holds the actin well and with phalloidin’s assistance, the F-actin must stay fairly stable, making 
the affinity column a successful way to enrich myosin. In future preparations, it will important to 
perform Western blots to see if the entire tagged myosin is in the ATP-eluted enriched solution 
and to assess the elution profile of the tagged myosin. Also, it would be of interest to perform 
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electrophoresis on the different elutions, and stain all the proteins in the gel to compare the com-
position of different factions to the initial extract. 
There are ways to improve the already successful column. I could consider how to in-
crease the concentration of the myosin in the final elution. There is such a small amount of myo-
sin in the cellular extracts to begin with that even with a short column, the enriched Physcomi-
trella patens myosin concentration was very small. In order to increase the final myosin concen-
tration in the enrichment, multiple loads of extract could be put through with low and high salt 
washes each time before a single elution with ATP. The number of loads would be based on the 
difference between the concentration of actin in the column and the concentration of myosin 
eluted from a single load of extract. In that case, the capacity of the column will be dependent on 
the concentration of actin within the bed. The more actin affixed to the nitrocellulose, the more 
myosin can be held within the bed. Once all of the actin in the bed is occupied by either myosin 
or other binding proteins, the addition of more extract will not result in additional myosin yields. 
The work of Kron, Spudich, Yanagida and others have yielded well optimized motility 
assay procedures suited for all myosins. Comparing pictures from motility assays containing 
GOC (glucose oxidase, glucose, and catalase) to those without (data not shown), it was clear that 
the oxygen scavenging system was extremely effective (Harada et al., 1990; Yildiz et al., 2003). 
Without the GOC, the pictures quickly grayed out as the sample was photobleached. One im-
provement to my own technique that I could adopt from other papers is the addition of a wash 
with unlabeled F-actin followed by an ATP wash after the coverslip has been blocked with BSA. 
These unlabeled actin filaments would occupy any inactive myosin that can still bind to actin, 
helping to keep the movements of the Alexa actin smooth and undisrupted (Hachikubo et al., 
2007). 
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The three facets of this project—protein extraction for Western blots, enrichment of myo-
sins from moss cellular extracts, and the utilization of motility assays—are just the first steps to-
wards isolating and comprehensively characterizing myosin XI from Physcomitrella patens. This 
research should be continued, as suggested in the next section.  
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6 | Further Study 
6.1| Final notes on current study 
6.1.1 | Overexpression and bacteria 
For as yet unknown reasons, myosin XIa cannot be over-expressed at high levels in Physcomi-
trella patens. The consequential low levels of the myosin in vivo complicate the purification pro-
tocol. Myosins cannot be expressed in bacteria due to the lack of the chaperones present in eu-
karyotic cells to help fold the myosins post-translationally. Therefore, it is necessary to purify 
them from eukaryotic cells, themselves.  
6.1.2| Differences in transgenic lines 
The degradation of myosin XIa seen in the cell extracts of the transgenic line 
Gran_Myo_3mEGFP_19 is much greater than that seen from the cell extracts of the transgenic 
line Gran_Myo_3mEGFP_28 despite the fact that both lines come from the C-terminal addition 
of 3xmEGFP to myosin XIa of the same line. The reasons for this are currently unknown, but it 
highlights the importance of having a reliable extraction and Western blot process to screen lines 
before attempting further experiments such as enrichment and purification. 
6.2 | Tagging by multisite gateway cloning 
Truly purified myosin samples are needed to ensure that there are no other cellular ele-
ments that will affect the actions of and interactions between myosin and actin in a way that will 
skew measurements and the conclusions drawn from the data. Using actin to enrich the myosin 
as done in this project introduces several impurities into the final samples. First, there is a great 
likelihood that the enriched myosin samples will contain other actin binding proteins. In the mo-
tility assays, these actin binding proteins have the potential of either immobilizing actin filaments 
48 
 
or causing a drag to the translocation of the actin filaments that would affect calculations of actin 
filament sliding velocities.  
Second, ATP is used to elute the myosin from the actin affinity matrix during enrichment. 
As part of characterizing myosin isoforms, studies calculating the consumption of ATP and evo-
lution of ADP are used to study properties such as the processivity of the isoforms and actin 
catalyzation rates. The ATP and ADP remaining in the enriched solution can affect the meas-
urements of these processes. For example, the motility of processive motors is generally more 
severely inhibited by ADP than that of non-processive motors. Each head of a processive myosin 
stays in the actin-bound state for greater than half of its mechanochemical cycle time due to slow 
ADP release from the actin-myosin-ADP complex meaning that processive motors have higher 
affinity for ADP which competes with ATP for the active site (Hachikubo et al., 2007).  
In order to purify the myosin, future experiments will make use of the many traits of the 
model organism Physcomitrella that makes it such a powerful tool for molecular biologists by 
using tags added through homologous recombination to purify the myosin. Although actin was 
used to enrich the myosin in this project, enriched myosin cannot be used to do the quantitative 
motility assays that will provide valuable information for comprehensive characterization. Future 
experiments will be using the Multi-Site Gateway® cloning system from Invitrogen™ to create 
transgenic Physcomitrella patens lines that have a hexahistidine tag, a TEV site and a triple 
mEGFP tag on the C-Terminus end of myosin XIa. The TEV site is a cleavage site for the highly 
site specific TEV protease2. Most plant-specific protease inhibitors, including “complete” prote-
ase inhibitor cocktails, do not inhibit the TEV protease so any remaining inhibitors from the ex-
traction procedure will not prevent the TEV site from being cleaved. Once we can extract the full 
                                                 
2 http://mcl1.ncifcrf.gov/waugh_tech/faq/tev.pdf 
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length myosin XIa, we will progressively purify the myosin using affinity matrices for the indi-
vidual tags.  
6.3 | Biochemical analysis 
“The in-class differences between isoforms of class XI that make them move processive-
ly or not, and varies their average velocities, are not well understood at present” (Hachikubo et 
al., 2007). Researchers working with myosins have used purified myosins to do a lot of meas-
urement/quantitative/assessment studies on the step length, velocity, and kinetics of the proteins. 
Different types of motility assays are used including the type used in this project where the myo-
sin is fixed to the coverslip, and the movement of fluorescently stained actin is observed. There 
are also motility assays in which it is the actin that is attached to the coverslip and dimerized 
myosin is tagged within the head or neck region and observed as single molecules using very 
sensitive microscopes (Yildiz et al., 2003). These are the types of experiments that will be con-
ducted with Physcomitrella patens myosin XIa once it is purified.  
There are several different categories of biochemical characteristics. Kinetics is the study 
of enzymatic activity. The dissociation constant is the on-rate over the off-rate of myosin binding 
to F-actin. There are differences between ATPase kinetics of myosin with and without actin be-
cause myosin ATPase activity is actin catalyzed. One biochemical property of great interest is 
processivity, which refers to how the protein carries cargo. Processivity is a biochemical proper-
ty that is very important for myosins involved in organelle transport. The myosin isoforms in Ar-
abidopsis thaliana are likely processive as they have been found to translocate all types of orga-
nelles. However, in Physcomitrella patens, 3xmGFP-myosin XIa has not been found to localize 
to organelles (Vidali et al., 2010) and therefore, I hypothesize that it is more likely to be non-
processive, but this remains to be determined experimentally.  
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Comparing myosin XI in Physcomitrella patens, a moss, to those in other plants, espe-
cially vascular ones, leads to many questions. If Physcomitrella patens myosin XIa is actually 
non-processive, how does that relate to its seeming function in tip growth? Are the functions of 
some of the Arabidopsis thaliana myosin XIs and the Physcomitrella patens myosin XIs in tip 
growth analogous or different?   
It has been noted that myosin XI contributes to cytoplasmic streaming in several algae 
and plants; however there is not cytoplasmic streaming in Physcomitrella patens, so what are the 
biochemical differences between the myosins of Physcomitrella patens and myosins of green 
algae  such as Chara corallina and flowering plants (Higashi-Fujime et al., 1995; Ito et al., 2003; 
Morimatsu et al., 2000; Yamamoto et al., 1994)? 
6.3.2 | Mutations 
 After performing these analyses on tagged myosins, modifications and mutations of the 
myosin proteins themselves can be examined. Transmutagenic lines can show how the mutation 
affects the overall growth of the plant. In order to understand the causes of the effects, however, 
the mutated proteins must also be isolated and analyzed in vitro. The ability to purify the mutated 
myosin will allow for the association of changes in the chemical parameters of the mutant pro-
tein to the changes in the phenotype. 
6.3.3 | Other questions of interest 
There are many other questions of interest to those studying plant myosins, only some of 
which are included below. 
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How is myosin XI regulated during tip growth? How does calcium affect the myosins 
considering their calmodulin binding sites? Does calcium play a role in the regulation of myosin 
activities?  
Mosses have only two class XI myosins and exhibit relatively slow organelle movement 
and a small organism size. Do the myosin proliferation dynamics in vascular plants allow for 
more robust intracellular dynamics and does the strong actomyosin-powered intracellular motili-
ty give higher plants a critical evolutionary advantage of faster growth and increased productivi-
ty that leads to larger organism size (Peremyslov et al., 2010)? 
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Appendix: Table of Abbreviations 
BSA Bovine Serum Albumin 
DTT Dithiothreitol 
ECL Enhanced Chemiluminescence 
EDTA Ethylenediaminetetraacetic acid 
EGTA Ethylene glycol tetraacetic acid 
(3x)mEGFP (Triple) Monomeric Enhanced Green Fluorescent Protein 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HMM Heavy meromyosin 
MES 2-(N-morpholino)ethanesulfonic acid 
MOPS 3-(N-morpholino)propanesulfonic acid 
PIPES 1,4-Piperazinediethanesulfonic acid 
PMSF Phenylmethanesulfonyl fluoride 
RNAi RNA interference 
SDS Sodium dodecyl sulfate 
TBS(-T) Tris Buffered Saline (-Tween) 
TCA Trichloroacetic acid 
Tris Tris(hydroxymethyl)aminomethane 
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